Simplifying the EFT of Inflation: Generalized Disformal Transformations
  and Redundant Couplings by Bordin, Lorenzo et al.
ar
X
iv
:1
70
6.
03
75
8v
2 
 [a
str
o-
ph
.C
O]
  1
6 O
ct 
20
17
Simplifying the EFT of Inflation:
Generalized Disformal Transformations
and Redundant Couplings
Lorenzo Bordin,a,b Giovanni Cabass,c Paolo Creminellid and Filippo Vernizzie
a SISSA, via Bonomea 265, 34136, Trieste, Italy
b INFN, National Institute for Nuclear Physics, Via Valerio 2, 34127 Trieste, Italy
c Physics Department and INFN, Università di Roma “La Sapienza”,
P.le Aldo Moro 2, 00185, Rome, Italy
d Abdus Salam International Centre for Theoretical Physics,
Strada Costiera 11, 34151, Trieste, Italy
e Institut de physique théorique, Université Paris Saclay, CEA, CNRS, 91191 Gif-sur-Yvette, France
Abstract
We study generalized disformal transformations, including derivatives of the metric, in the context
of the Effective Field Theory of Inflation. All these transformations do not change the late-time
cosmological observables but change the coefficients of the operators in the action: some couplings are
effectively redundant. At leading order in derivatives and up to cubic order in perturbations, one has
6 free functions that can be used to set to zero 6 of the 17 operators at this order. This is used to
show that the tensor three-point function cannot be modified at leading order in derivatives, while the
scalar-tensor-tensor correlator can only be modified by changing the scalar dynamics. At higher order
in derivatives there are transformations that do not affect the Einstein-Hilbert action: one can find 6
additional transformations that can be used to simplify the inflaton action, at least when the dynamics
is dominated by the lowest derivative terms. We also identify the leading higher-derivative corrections
to the tensor power spectrum and bispectrum.
1 Introduction
In scalar-tensor theories one is used to conformal transformations of the metric and the possibility
to describe physics in different frames. When dealing with backgrounds in which the scalar field is
time-dependent, like in the case of inflation, one can consider disformal transformations [1] of the form
gµν → C(φ,X)gµν +D(φ,X)∂µφ∂νφ , X ≡ −(∂φ)2 . (1)
In a gauge in which the inflaton perturbations are set to zero (φ = φ0(t)), the so-called unitary gauge,
these transformations are written as
gµν → C(t,N)gµν +D(t,N)nµnν , (2)
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where N ≡ (−g00)−1/2 is the lapse and nµ is a unit vector perpendicular to the surfaces of constant
inflaton, nµ ≡ −∂µφ/
√
X, and C(t,N) and D(t,N) can be easily related to C(φ,X) and D(φ,X).
However this is not the end of the story. More general transformations are possible if one considers
objects with derivatives on the metric:
gµν → C(t,N, V,K, (3)R, . . . )gµν +D(t,N, V,K, (3)R, . . . )nµnν +E(t,N, V,K, (3)R, . . . )Kµν + . . . , (3)
where Kµν is the extrinsic curvature of the surfaces of constant inflaton, K = g
µνKµν , and
(3)R their
scalar curvature. The purpose of this paper is to study these general transformations in the context
of the Effective Field Theory of Inflation (EFTI) [2, 3] and to understand to which extent they can be
used to simplify the original action. This generalizes the results of [7], where disformal transformations
with time dependent coefficients C(t) and D(t) were used to remove, without loss of generality, the
time-dependence of the Planck mass and a non-trivial speed of tensor modes in the EFTI. The Planck
mass and the tensor speed are couplings that can be changed without affecting observables: in QFT
these are called redundant couplings.
When calculating S-matrix elements, field redefinitions cannot change the final result. In cos-
mology one is interested in correlation functions and, contrarily to S-matrix elements, these are not
invariant under field redefinitions. However, late-time correlation functions—the ones that are relevant
for observations—are left invariant by the transformations discussed above. Indeed, at late time all
derivatives of metric perturbations decay to zero and the lapse gets its background value, N → 1.
We are left with a transformation of the form gµν → C(t)gµν + D(t)nµnν . This redefines the scale
factor and the cosmic time of the background FRW solution, but scalar and tensor perturbations are
not changed. Therefore, the general transformation eq. (3) modifies the form of the action, without
changing late-time correlators. The identification of the minimal set of non-redundant operators in the
context of inflation was carried out in [8], albeit with some different assumptions.
The effect of general disformal transformations on the EFTI operators have been also studied in
the context of dark energy and modified gravity in [4, 5, 6]. In this case one is interested also in the
way matter couples with the metric and this coupling is modified by the redefinition of the metric.
On the other hand, in single field models of inflation the coupling with matter does not enter in the
inflationary predictions and therefore we will not consider it in the following.
Since we are talking about an infinite set of possible field redefinitions, an organization principle is
needed. In the EFTI (and in all other EFTs!) one organizes operators in terms of order of perturbations
(tadpoles, quadratic terms, cubic terms, etc.) and in a derivative expansion. The same can be done for
the transformations. Transformations involving derivatives of the metric, such as Kµν and
(3)R, will
increase the number of derivatives in the action. For instance, starting from the Einstein-Hilbert term,
they will generate operators with three or more derivatives. Therefore, let us start with transformations
without derivatives on the metric. An additional simplification comes from expanding the transforma-
tions in powers of perturbations. Since we dropped all terms with more derivatives, this boils down to
an expansion in powers of δN . If one is interested in correlation functions up to cubic order—like we
are in this paper—one can truncate the transformations to quadratic order in perturbations. Indeed
transformations which are cubic in perturbations will only modify the action with terms that are at
least quartic, since the field redefinition multiplies the equations of motion, which vanish at zeroth
order in perturbations. Therefore, one is left with
gµν →
(
f1(t) + f3(t)δN + f5(t)δN
2
)
gµν +
(
f2(t) + f4(t)δN + f6(t)δN
2
)
nµnν . (4)
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This set of transformations will change the coefficients of the operators in the EFTI. In particular
one can consider all the operators with at most two derivatives on the metric (and up to cubic order in
perturbations) and study which simplifications are allowed by the six free functions fi(t): we are going
to do that in Section 2 and Appendix A. One can use the free functions to set to zero the coefficients
of the operators in the EFTI. The choice of which operator should be set to zero is clearly arbitrary.
However, since only a few operators enter in calculations involving tensor modes, a natural choice is to
try and simplify as much as possible the tensor couplings. The functions f1 and f2 can be used to have
a time-independent Planck mass and to set to unity the speed of tensor modes [7]. This procedure
also fixes the correlator 〈γγγ〉 at leading order in derivatives. In Section 2.1 we are going to see that
the functions f3 and f4 can similarly be used to simplify the coupling γγζ in such a way that the
correlator 〈γγζ〉 is only modified by changes in the scalar sector. In particular we are going to verify
that different actions, related by eq. (4), give the same result for 〈γγζ〉. In Appendix A we explicitly
give the effect of a general transformation, eq. (4), on operators up to two derivatives on the metric.
The transformations f5 and f6 cannot be used to standardize any coupling involving tensors, so that
their use to set to zero some operators remains, to some extent, arbitrary.
While the field redefinitions of Section 2 do not change the number of derivatives in the operators,
in Section 3 we consider transformations that add one or more derivatives. In particular, in Section 3.1
we study a subset of the field redefinitions (3) that act on the metric as diffeomorphisms and leave
the Einstein-Hilbert action invariant. Provided that higher derivatives can be treated perturbatively,
we can use six of these transformations to further reduce the number of independent operators. In
Sections 3.2 and Appendix B we study higher-derivative corrections to tensors. We show that there
is a single operator with three derivatives that modifies 〈γγγ〉 and a single operator that modifies the
tensor power spectrum at 4-derivative order. We calculate the contribution of this operator to 〈γγζ〉: it
is not slow-roll suppressed and therefore potentially relevant. Finally, in Section 4 we discuss additional
field redefinitions that one can perform in the decoupling limit. These are not necessarily constrained
by the nonlinear realization of Lorentz invariance and we show that they cannot be generally recovered
by field transformations in unitary gauge. Conclusions are drawn in Section 5.
2 Operators up to two derivatives
We want to consider the action of the EFTI up to second order in derivatives and cubic in perturbations
[2, 3]. In order to do so, we introduce the ADM decomposition of the metric [9], i.e.
ds2 = −N2dt2 + hij(dxi +N idt)(dxj +N jdt) , (5)
in terms of the lapse N , the shift N i and the spatial metric hij. For later use we decompose the latter
as [10]
hij = a
2(t)e2ζ(eγ)ij , γii = 0 , (6)
and we define the Hubble rate, H ≡ a˙/a. The unitary gauge can be fixed by choosing the time
coordinate to coincide with constant inflaton hypersurfaces and by imposing ∂iγij = 0 on these slices.
In this gauge, ζ and γij respectively represent the scalar and tensor propagating degrees of freedom.
The unitary gauge EFTI action reads
S = S0 +
∫
d4x
√−g
(
L(2) + L(3) + . . .
)
, (7)
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where S0 is the minimal canonical action [3]
S0 ≡
M2Pl
2
∫
d4x
√−g
[
(4)R− 2H˙
N2
− 2(3H2 + H˙)
]
, (8)
and
L(2) ≡M2Pl
8∑
I=0
aI(t)O(2)I , L(3) ≡M2Pl
8∑
I=1
bI(t)O(3)I , (9)
are, respectively, linear combinations of 9 quadratic operators, O(2)I (I = 0, . . . , 8), and 8 cubic operators
O(3)I (I = 1, . . . , 8). The list of quadratic operators is given in Table 1, while the cubic ones in Table 2.
The operators in these tables are constructed by combining the perturbation of the lapse, δN ≡ N −1,
of the extrinsic curvature, δKµν ≡ Kµν−Hhµν , and of its trace δK ≡ K−3H. The 3-dimensional Ricci
scalar curvature (3)R is already a perturbed quantity, because we are assuming a flat FRW background.
Moreover, the “acceleration” vector Aµ is given by Aµ ≡ nν∇νnµ: it is projected on the surfaces of
constant inflaton, i.e. Aµnµ = 0, and can also be written as Aµ = N
−1 hνµ∂νN . With V we denote the
covariant derivative of the lapse projected along nµ,
V ≡ nµ∇µN = 1
N
(
δN˙ −N i∂iN
)
, (10)
which is a 3-dimensional scalar. Indeed, using the unitary gauge relation nµ = −Ngµ0, V is proportional
to the upper time derivative of the lapse, i.e. V = −N∂0N . Operators like δNV and δN2V can be
written in terms of δN and δK after integrations by parts, and we can always get rid of R00 using
the Gauss-Codazzi relation of eq. (13b) below. In Table 1 and Table 2 we also indicate the number of
derivatives of each operator and whether an operator modifies a given coupling: only a few operators
modify couplings that include gravitons.1 For the time being, we do not assume any hierarchy among
these operators (while in Sec. 3 we will).
Let us now study how one can use the transformations eq. (4) to simplify the action. In [7] the
transformations f1 and f2 were used to make the quadratic action for gravitons canonical. This boils
down to eliminate the first two operators in Table 1 in such a way that the spatial and time kinetic
term of the graviton only arise from the standard Einstein-Hilbert action with time-independent MPl.
Since the transformations f1 and f2 do not contain perturbations, they cannot be done perturbatively.
They also modify the background FRW and the definition of cosmic time. The details are spelled out
in [7] and in Appendix A. The bottom line is that there is no loss of generality in setting to zero the
first two operators in Table 1. Notice that, since only these two operators modify the coupling γγγ,
one concludes that the correlator 〈γγγ〉 cannot be modified at leading order in derivatives. We come
back to corrections at higher order in derivatives in Section 3.2.1.
Consider now the transformations of order O(δN), i.e. f3 and f4. At leading order in perturbations
the field redefinitions multiply the variation of the action with respect to the metric, i.e. the equations
of motion. In particular, the variation of the Einstein-Hilbert action under the transformation gµν →
gµν + δgµν gives
δSEH =
M2Pl
2
∫
d4x
√−g Gµνδgµν , (11)
1Notice that scalar operators such as δN , δK and V cannot contain γij at linear order in perturbations.
4
Coeff. O(2) #∂µ γγ γγγ γγζ γζζ ζζζ → 0
a0
(3)R 2 X X X X X f1,2
a1 δKµνδK
µν 2 X X X X X f1,2
a2
(3)RδN 2 X X X f3,4
a3 AµA
µ 2 X X
a4 H
2δN2 0 X
a5 HδNδK 1 X
a6 δK
2 2 X
a7 V
2 2 X
a8 V δK 2 X
Table 1: Quadratic operators up to second order in derivatives, together with the list of the couplings they
affect. The last column shows which transformation can be used to set to zero the corresponding operator.
Coeff. O(3) #∂µ γγγ γγζ γζζ ζζζ → 0
b1 δNδKµνδK
µν 2 X X X f3,4
b2
(3)R δN2 2 X f5,6
b3 δNAµA
µ 2 X f5
b4 H
2δN3 0 X
b5 HδN
2δK 1 X f5,6
b6 δNδK
2 2 X
b7 δNV
2 2 X
b8 δNV δK 2 X f5
Table 2: Cubic operators up to second order in derivatives, together with the list of the couplings they affect.
The last column shows which transformation can be used to set to zero the corresponding operator. Two of the
operators among b2, b3, b5 and b8 can be se to zero using the transformations f5 and f6.
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which for the transformations f3 and f4 becomes
δSEH =
M2Pl
2
∫
d4x
√−g
(
f3
(4)RδN − f4δNGµνnµnν
)
. (12)
Using the geometric Gauss-Codazzi relations [11]
(4)R = (3)R−K2 +KµνKµν + 2∇µ(Knµ −Aµ) , (13a)
Gµνn
µnν =
1
2
(
(3)R+K2 −KµνKµν
)
, (13b)
one can write the variation of the action in the EFTI form. We postpone all details to the next section:
here it suffices to notice that one can use f3 and f4 to set the operators
(3)RδN and δNδKµνδK
µν
to zero. This choice can be convenient since these are the only (remaining) operators that modify the
coupling γγζ. In the following section we are going to verify explicitly the invariance of the correlator
〈γγζ〉 in doing the transformations f3 and f4.
The logic is the same for the two functions f5 and f6. Since the operators they generate are
proportional to δN2 and there is no scalar that one can build at linear order that contains γ, f5 and
f6 do not affect anything that has to do with tensor modes at this order. Therefore, the choice of
which operator to set to zero with f5 and f6 is, to some extent, arbitrary. In Appendix A we explicitly
calculate the variation of the operators under the transformations fi and we find which ones can be
set to zero, see last column of Tables 1 and 2. In particular, f5 can set to zero one of the following
2-derivative operators: (3)RδN2, δNV δK, HδN2δK or δNAµA
µ, while f6 only
(3)RδN2 or HδN2δK.
Although in this paper we focus on terms that are up to cubic in perturbations, one can easily see
what happens at higher order in δN . At each new order one gets a table similar to Table 2 with more
powers of δN . These are 8 new operators at each order. At the same time one has 2 new possible field
redefinitions of the same form of f5 and f6 but with more powers of δN . One can use these two free
functions to set to zero two of the new operators. In conclusion, one remains with 6 non-redundant
operators at each order in perturbations.
2.1 Simplifying 〈γγζ〉
As an explicit application and check, in this section we will show how to exploit the field redefinitions
(4) to set to zero the operators involving two gravitons and a scalar. As shown in the tables, these
operators are
(3)R , δKµνδK
µν , (3)RδN , δNδKµνδK
µν . (14)
All these operators already appear in the Einstein-Hilbert action. As explained in Section 2, transfor-
mations f1 and f2 can be used to remove
(3)R and δKµνδK
µν [7]. We will verify that the redefinitions
gµν → gµν + f3δNgµν , (15a)
gµν → gµν + f4δNnµnν , (15b)
can be used to set to zero, respectively, (3)RδN and δNδKµνδK
µν . In particular, we will show that
the action S0, eq. (8), changes under the transformations (15), but the late-time correlation functions
do not.2
2We assume that the time dependence of the parameters f3 and f4 is mild enough. More precisely, f3 and
f4 must not grow faster than η
−2 for η → 0.
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It is important to stress that, although the coupling γγζ can be brought back to the standard
Einstein-Hilbert form, the correlator 〈γγζ〉 is also sensitive to the solution of the scalar constraints. As
such the correlator is modified by the quadratic scalar operators and it is not completely fixed at the
2-derivative level, contrarily to what happens for 〈γγγ〉.
Before proceeding, it is convenient to remind how the ADM components of the metric (5) change
under the metric transformation of eq. (2) [12]:
hij → C(t,N)hij , N2 → [C(t,N)−D(t,N)]N2 , N i → N i . (16)
2.1.1 Transformation f4
We start by considering the disformal transformation f4, eq. (15b), which is the simplest to treat. We
can work at linear order in the metric transformation, because higher orders carry two or more powers
of δN and hence do not contribute to 〈γγζ〉. To keep calculations simple we assume |f3,4| ≪ 1 and
constant in time.
The logic will be the following. By eq. (16), f4 only affects the lapse: the action for ζ and γij
has to be invariant under this transformation once the Hamiltonian and momentum constraints are
solved. This is not obvious, because the intermediate action that explicitly contains the lapse changes.
However, also the relation between the lapse and ζ given by the solution of the constraints changes
accordingly. We will check that once the lapse is replaced in terms of ζ, the action for ζ and γij remains
unchanged by the transformation.
To do this, let us study the variation of the action S0, eq. (8), under the transformation f4. For the
Einstein-Hilbert part of the action, one can use the Gauss-Codazzi relation (13b) in eq. (12). Adding
the variation of the scalar part, one finds
δS0 = −M
2
Pl
2
∫
d4x
√−g f4δN
[
1
2
(
(3)R+K2 −KijKij
)
+ H˙
(
1
N2
− 1
)
− 3H2
]
. (17)
The coefficient f4 can be used, for example, to set to zero the operator
(3)RδN . To verify that the
action in terms of ζ and γ does not change, we need to solve the lapse in terms of ζ only at linear
order. This is because its second-order part does not contribute to the cubic action, as it multiplies
the background equations of motion [10]. Thus, we can focus on the quadratic action. To do so, it is
convenient to define Eij ≡ NKij, whose explicit components are
Eij ≡ 1
2
(
h˙ij −DiNj −DiNj
)
, (18)
where Di denotes the covariant derivative with respect to the spatial metric hij . With this notation
and using that
√−g = N
√
h = a3e3ζN , we can expand S0 and δS0 above at quadratic order. They
read, respectively,
S
(2)
0 =
M2Pl
2
∫
dt d3x a3
[
−2(3H2 + H˙)δN2 + 4HδNδE + δEijδEji − δE2 + (3)RδN + 3(3)Rζ
]
, (19)
where δE denotes the trace of δEij ≡ Eij −Hhij , and
δS
(2)
0 = −
M2Pl
2
∫
dt d3x a3 f4
[
1
2
(3)RδN − 2(3H2 + H˙)δN2 + 2HδNδE + 18H2δNζ
]
. (20)
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Varying S
(2)
0 + δS
(2)
0 with respect to the shift yields the momentum constraint,
Di
[
(Eij − Eδij)N−1 − f4HNδNδij
]
= 0 . (21)
Solving this equation for the lapse, gives
δN =
ζ˙
H
(
1 +
f4
2
)
. (22)
At this point, it is straightforward to verify that plugging the above expression for δN in the original
action S0, the term proportional to f4 which is generated exactly cancels the action variation (17).
We have also checked that the expression of the shift in terms of ζ, which can be obtained from the
Hamiltonian constraint, is not modified by the disformal transformation.
2.1.2 Transformation f3
The conformal transformation f3, eq. (15a), is more complicated than the previous one, because not
only does it changes the solution for δN but it also redefines ζ. Indeed, working again at linear order
in the metric transformation, from eq. (16) we find the following transformations for ζ and δN :
ζ → ζ + f3 δN
2
, δN → δN
(
1 +
f3
2
)
, (23)
while the scalar component of the shift, defined as ψ ≡ ∂−2∂iN i, remains unchanged. The solutions
of the Hamiltonian and momentum constraints change accordingly. Using these transformations in the
usual solutions for δN and ψ derived from action S0 and assuming for simplicity a constant f3, these
are given respectively by
δN =
ζ˙
H
− f3
2
(
ζ˙
H
− 1
H
d
dt
ζ˙
H
)
, (24)
ψ = − ζ
a2H
+ ǫ∂−2ζ˙ − f3
2
[
1
a2H
ζ˙
H
− ǫ∂−2
(
d
dt
ζ˙
H
)]
, ǫ ≡ − H˙
H2
. (25)
Let us also derive these two relations by solving the constraints of the new action. For the Einstein-
Hilbert part of the action, one can use again the Gauss-Codazzi relation (13a) in eq. (12). Integrating
by parts, using the definitions of Ai = N
−1∂iN and V (eq. (10)), and adding the variation of the scalar
part, one finds
δS0 = −M
2
Pl
2
∫
d4x
√−g f3
{
δN
[
K2 −KijKij − (3)R+ 2H˙
(
1
N2
+ 2
)
+ 12H2
]
+KV −AiAiN−1
}
.
(26)
Here the lapse appears with a time derivative in V , which makes δN dynamical. This can be also seen
by varying the action S0 + δS0 with respect to the shift. One obtains
Di
{
(Eij − Eδij)N−1 − f3
[−δN (Eij − Eδij)N−1 + V δij]}− f3EAj = 0 , (27)
which is a dynamical equation for δN and not a constraint. However, since V comes only at first order
in f3 it can be treated perturbatively. Indeed, solving this equation perturbatively in f3 one recovers
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eq. (24). Moreover, the Hamiltonian constraint equation derived from this action gives the solution of
eq. (25) for the shift.
The transformation f3 changes the quadratic action for scalar perturbations (but not the one of
tensors). This implies that the correlation functions 〈ζζ〉 and 〈γγζ〉 change when evaluated inside the
horizon. Only at late times, the correlation functions will not depend on f3 as we are now going to
show. Let us first look at the quadratic action for scalar perturbations to verify that this is the case
for the two-point function of ζ. The second-order expansion of the action S0 is given by eq. (19).
Expanding the action (26) at second order yields, after some integrations by parts,
δS
(2)
0 = M
2
Pl
∫
d4x f3 a
3
[
(3)RδN
2
− 5
2
H2(3− ǫ)δN2 − 2HδNδE + 3HN i∂iδN
− δN˙δE + (∂iδN)
2
a2
− 9(3H2 + H˙)δNζ − 3HδN˙ζ
]
.
(28)
Expressing the action above as function of the curvature perturbation ζ using eqs. (24) and (25), the
second-order expansion of S0 + δS0 gives
S
(2)
ζ = M
2
Pl
(
1− 3f3
2
+O(f23 )
)∫
d4x a3ǫ
[
ζ˙2 − c2s
(∂iζ)
2
a2
]
, (29)
with
cs = 1 +
f3
2
+O(f23 ) . (30)
Therefore, both the normalization and the speed of propagation of ζ are affected by the transformation
f3. This is reflected in a change of the wavefunction for ζ, which becomes
ζ(η, k) =
−iH
2
√
ǫMPl(1− 3f3/4)
1
(csk)3/2
(1 + icskη)e
−icskη . (31)
However, the late-time two-point function of ζ does not change. Indeed, this is proportional to (1 +
3f3/2)c
−3
s = 1 at leading order in f3.
Let us now move to the computation of the cubic action γγζ. After many integrations by parts
that show that the action is slow-roll suppressed [10], we obtain
S
(3)
γγζ =
M2Pl
4
∫
d4x a3ǫ
{
2ζ
(
γ˙2ij +
(∂kγij)
2
a2
)
− γ˙ij∂kγij ∂k
∂2
ζ˙
− f3
[
−1
4
ζ˙
H
(
γ˙2ij +
(∂kγij)
2
a2
)
+
1
2
γ˙ij∂kγij
∂k
∂2
(
d
dt
ζ˙
H
)]}
.
(32)
We can thus compute the 〈γγζ〉 three-point function. To do this, we need to use the wavefunctions of
eq. (31) in the in-in calculation. The final result is independent of f3 up to O(f23 ) corrections, thus
confirming that late-time correlation functions are insensitive to the transformation of eq. (15a).
3 Transformations of higher order in derivatives
So far, we have considered only field redefinitions without derivatives. These do not change the number
of derivatives of the operators. In this section we consider more general transformations (3), involving
one or two derivatives on the metric.
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3.1 Diff-like transformations
In general, field redefinitions which include derivatives will generate, starting from the Einstein-Hilbert
actions operators with 3 or more derivatives absent from Tables 1 and 2. However there is a particular
set of higher-derivatives transformations which do not change the Einstein-Hilbert action but only the
inflaton one. Indeed, consider the transformation
gµν → gµν +∇µξν +∇νξµ , (33)
where ξµ is a vector field starting linear in perturbations. This is analogous to a linearized dif-
feomorphism generated by ξµ (notice, however, that we are not reintroducing the Stueckelberg π).
The Einstein-Hilbert action does not change under this transformation because it is invariant un-
der 4-dimensional diffeomorphisms. Since the EFTI action (7) is invariant under spatial diffeomor-
phisms, in the following we will consider only transformations along nµ, which are associated to time-
diffeomorphisms. Note that eq. (33) is a particular case of the general transformation (3), as it can be
checked by replacing in the above equation the general expression for ξµ in unitary gauge, i.e.,
ξµ = F (t,N, V,K, . . .)nµ . (34)
We can thus focus on how the rest of the action transforms. We assume that the inflaton dynamics
is dominated by δN2 and δN3 with the other operators (that we list in Table 3) being suppressed by
negative powers of some energy scale Λ. (Our assumptions do not apply to cases in which the quadratic
action of the inflaton is dominated by higher-derivative operators, such as, for instance, Ghost Inflation
[13] and Galileons [14].) In this case the size of the operators is parametrically governed by a derivative
expansion in ∂µ/Λ and the coefficients in front of the higher-derivative operators are suppressed by
positive powers of H/Λ. More specifically, if operators with no derivatives are of the order of the
slow-roll parameter ǫ = −H˙/H2, a4, b4 ∼ O(ǫ), those with one derivative are suppressed by a single
power of H/Λ, a5, b5 ∼ O(ǫH/Λ), while those with two derivatives are suppressed by (H/Λ)2. Since
the above transformation generates at least one more derivative in the action, the variation of the
operators with two derivatives is suppressed by at least (H/Λ)3 and we neglect it here.
We first focus on transforming the operators with no derivatives. In this case, it is straightforward
to compute the variation of the action (7) under eq. (33). In particular, we use that the transformation
of the lapse is given by
δξN = −Nnµnν∇µξν . (35)
Assuming that the operator coefficients aI and bI are time independent and neglecting slow-roll cor-
rections, the linear variation of the action (7) reads, up to third order in perturbations,
δξS = −M2Pl
∫
d4x
√−g
{
2H˙
(
3H
N
+
V
N3
− K
N2
)
+ 2a4H
2
[
3H(1 + δN)δN
+ (1 + 3δN)V + δNδK
]
+ 3b4H
2(3HδN + 2V )δN
}
F ,
(36)
with F defined by eq. (34).
Restricting it to be at most first order in derivatives, we have
F =
1
H
[
g1(t)δN + g2(t)δN
2 + g3(t)
V
H
+ g4(t)δN
V
H
+ g5(t)
δK
H
+ g6(t)δN
δK
H
]
, (37)
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Coeff. O(2) #∂µ → 0 → 0
a0
(3)R 2 f1,2
a1 δKµνδK
µν 2 f1,2
a2
(3)RδN 2 f3,4
a3 AµA
µ 2
a4 H
2δN2 0
a5 HδNδK 1 g1
a6 δK
2 2 g5
a7 V
2 2 g3
a8 V δK 2 g3,5
Coeff. O(3) #∂µ → 0 → 0
b1 δNδKµνδK
µν 2 f3,4
b2
(3)R δN2 2 f5,6
b3 δNAµA
µ 2 f5
b4 H
2δN3 0
b5 HδN
2δK 1 f5,6 g2
b6 δNδK
2 2 g5,6
b7 δNV
2 2 g3,4
b8 δNV δK 2 f5 g3,4,5,6
Table 3: Quadratic (left panel) and cubic (right panel) operators up to second order in derivatives. The fourth
column shows which operator can be set to zero by the transformation (4), which is exact in the derivative
expansion, see Section 2. Treating higher derivatives perturbatively, the fifth column shows which operator
can be set to zero by the transformation (33). The transformations g1 and g2 are used to set to zero the one-
derivative operators a5 and b5, while g3,4,5,6 can be used to set to zero four of the two-derivative operators a6,7,8
and b6,7,8.
where, typically, g1 and g2 are suppressed by H/Λ while g3,4,5,6 carry a (H/Λ)
2 suppression. From
eq. (36) one sees that the transformations g1 and g2 generate one-derivative operators suppressed by
H/Λ. Thus, they can be used to set to zero the operators a5δNδK and b5δN
2δK, leaving us with four
independent transformations. Making use of eq. (36), the latter can be employed to set to zero four of
the coefficients aI and bI for I = 6, 7, 8, up to corrections that are at least third order in derivatives.
This is summarized by Table 3.
In conclusion, the higher-derivative corrections to the leading order dynamics δN2 and δN3 start
quadratic in H/Λ and there are only 3 two-derivative corrections. This is a major simplification: out
of 17 operators, 12 are redundant and one is left with only 5 of them. It is again straightforward to
consider higher-order operators. At each order one has 8 new operators, 2 f -like field redefinitions and
3 new g’s: only 3 couplings are not redundant.
3.2 Higher-derivative operators for tensors
We now consider operators with more than 2 derivatives on the metric. Instead of remaining general
we focus on operators that modify the tensor dynamics, which cannot be changed at the two-derivative
level.
3.2.1 Operators with three derivatives
Possible three-derivative operators for tensors up to cubic order are
(3)RµνδK
µν , δRµ0ν0δKµν and δKµνδK
µ
ρδK
νρ . (38)
11
(Here we are assuming parity. For a discussion about parity violating operators one can see [7].)
However, using the relation [15]
λ(t)(3)RµνK
µν =
λ(t)
2
(3)RK +
λ˙(t)
2N
(3)R+ boundary terms , (39)
one can get rid of the first operator. Moreover, using the Gauss-Codazzi relation, one can show that
N2KαγR
α0γ0 = −KαγK ργ Kρα +K γα DγAα +K γα AγAα −K γα nδ∇δK αγ . (40)
The second and third operators contain scalar perturbations, while the last one can be integrated by
parts. In this way one can also dispose of the second operator in eq. (38). One can then wonder
whether it is possible to set also the third operator to zero with a suitable field redefinition: as we are
now going to show, this is not possible.
To see this, one has to find all the possible field redefinitions that carry one derivative on the metric.
Since the only scalars that satisfy this requirement are K and V , and the only symmetric tensors that
we can add to gµν are Kµν and n(µAν), we see that eq. (3) reduces to
gµν → C(t,N,K, V )gµν +D(t,N,K, V )nµnν + E(t,N)δKµν + F (t,N)n(µAν) , (41)
where we have considered δKµν instead of Kµν on the r.h.s., without loss of generality. Since Aµ
does not contain tensor modes, the term ∝ n(µAν) cannot affect the cubic action for three gravitons.
Therefore, the only way to possibly induce the operator δKµνδK
µ
ρδKνρ is a transformation of the form
gµν → gµν + cKδKµν . (42)
It is now straightforward to see that we cannot generate δKµνδK
µ
ρδKνρ through eq. (42). When
written in terms of γij, the transformation becomes
γij → γij + cK γ˙ij , (43)
i.e. a linear shift at all orders in perturbations. Therefore, the only effect it has is to change S
(2)
γ and
S
(3)
γ separately: since in the Einstein-Hilbert action S
(3)
γ comes only from (3)R [10, 16], at leading order
in cK we will just have generated terms with two spatial derivatives and one time derivative, and no
terms of the form γ˙3ij .
3.2.2 Operators with four derivatives
There are no parity-conserving corrections to the tensor power spectrum with three derivatives. The
first correction is at fourth order in derivatives, [17]. Up to integration by parts, there are four operators
with four derivatives that modify the tensor power spectrum:
(3)R
2
µν , (∇0δKµν)2 , (3)Rµν∇0δKµν and (DρδKµν)2 . (44)
The corresponding modifications in the quadratic action for tensors are of the form (∂2γij)
2, for the
first, γ¨2ij for the second and (∂kγ˙ij)
2 for the last two. One has the freedom to perform field redefinitions,
but there are not enough of them to get rid of all the three operators. Indeed, there are only two possible
field redefinitions at second order in derivatives that affect tensor modes:
gµν → gµν + cR(3)Rµν + c0∇0δKµν . (45)
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They correspond to γij → cR ∂2γij + c0 γ¨ij . We conclude that we cannot eliminate all the corrections
to the tensor power spectrum at this order.
The modification of the power spectrum is only possible because of the preferred foliation provided
by the inflaton. In the absence of a preferred foliation one is forced to write only operators that are
fully diffeomorphism-invariant. Since the Gauss-Bonnet term, R2 − 4RµνRµν +RµνρσRµνρσ , is a total
derivative in four dimensions, the only allowed operator is δR2µν . However, one can dispose of it by
using the field redefinition gµν → gµν + δRµν .
Let us now compute the correction to the tensor power spectrum due to the new couplings. To
simplify things, we use the free parameters cR and c0 in eq. (45) to set to zero the coupling in front
of (∇0δKµν)2 and in front of the quadratic part of the combination c1(3)Rµν∇0δKµν + c2(DρδKµν)2.
Therefore, we just need to expand (3)R
2
µν at quadratic order in γ. We get
S
(2)
4 =
1
4
M2Pl
Λ2
∫
dη d3x (∂2γij)
2 . (46)
It is straightforward to study the effect of this term in the usual in-in formalism. The interaction
Hamiltonian Hint in Fourier space is
Hint = −1
4
M2Pl
Λ2
∫
d3k
(2π)3
k4
∑
s1,s2
γs1
k1
γs2
k2
ǫs1ij (k1)ǫ
s2
ij (k2) . (47)
Then, the correction to the power spectrum is given by
δ 〈γsk γs
′
−k〉
′
=
5
4
H2
Λ2
H2
2M2Plk
3
δss′ , (48)
where the ′ means that we omitted the factor (2π)3 and the Dirac delta. In general, one expects the
above correction to be small, being suppressed by a factor H2/Λ2. However it could become sizable if
the suppression scale Λ is not too large.
When the power spectrum is modified, we also expect sizable non-Gaussianities. More precisely, we
expect an enhancement if we consider three-point functions involving scalars. In fact, the operators (44)
are constructed from the foliation, i.e. they entail a direct coupling with the inflaton. For instance, we
expect that their contribution to the cubic action γγζ will not be suppressed by slow-roll parameters.
On the other hand, a slow-roll suppression is present at the 2-derivative level where, as we discussed
in Section 2.1, the only freedom comes by the modification of the scalar constraint equations.
We can estimate these non-Gaussianities in the following way. At cubic order in perturbations,
given that we have used cR and c0 to put the quadratic action in the form of eq. (46), there will be
(3)R
2
µν and the cubic part of c1
(3)Rµν∇0δKµν + c2(DρδKµν)2 that will contribute. For our estimation,
however, it is enough to consider (3)R
2
µν . In Appendix B we show that, as expected, for two gravitons
and a scalar we have S
(3)
4 ∼ H
2
Λ2 × ǫ0. Since S
(3)
0 ∼ ǫ [10], we see that the bispectrum coming from these
4-derivative operators could dominate the standard slow-roll result for H
2
Λ2
& ǫ.
4 Field redefinitions in the decoupling limit
In many cases inflationary correlation functions can be calculated, at leading order in slow-roll, in the
so-called decoupling limit. This means concentrating on the Goldstone field π, which is introduced in
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the action when we depart from the unitary gauge, and neglecting the fluctuations of the metric. In
this limit one can consider field redefinitions of π that decay at late times and thus do not change the
asymptotic correlation functions. A natural question is whether these field redefinitions of π are simply
the decoupling limit of the ones we discussed before or they are different in nature. We want to argue
that, in general, these two kinds of field redefinitions are different and cannot be simply related.
First of all, notice that the interactions of π are constrained by the non-linear realization of Lorentz
invariance. Indeed if we neglect metric perturbations and we go to short scales, we have a theory with
spontaneously broken Lorentz symmetry: the combination t + π(t,x) transforms as a scalar under
Lorentz and this defines the non-linear transformation of π. Starting from a generic unitary gauge
action and reintroducing π with the usual Stueckelberg procedure, one ends up in the decoupling limit
with an action of π with this well-defined non-linear realization of the Lorentz symmetry. In particular,
this will remain true even when one performs a metric field redefinition in unitary gauge and considers
two equivalent actions in the sense discussed above: in the decoupling limit of either theories one has
the same non-linear realization of the Lorentz symmetry. This, however, does not happen when one
considers a general field redefinition of π in the decoupling limit:
π˜ = π + f(π, π˙, ∂iπ, . . .) . (49)
Given the transformation rules of π, one sees that π˜ will transform in a different way for a generic f .
This is enough to show that the action for π˜ cannot generically be obtained as the decoupling limit of
an action in unitary gauge via Stueckelberg.
Let us focus on a concrete example where a π field redefinition is useful. In single-field inflation the
leading operators giving a potentially large 3-point function for ζ are π˙3 and π˙(∂π)2. At subleading
order in derivatives one should look at cubic operators with four derivatives. It is straightforward to
realize that (up to integration by parts) there are only two 4-derivative operators [18, 19]: ∂2π(∂π)2 and
∂2π π˙2. They arise from the unitary gauge operators δNδK and δN2δK. The action in the decoupling
limit is given by
Spi =
∫
d4x a3 (−M2PlH˙)
[
(1 + α1)
(
π˙2 − c2s
(∂π)2
a2
)
+ (α2 − α1) π˙ (∂π)
2
a2
− 2(α1 + α3)π˙3 + 2α2 − α4
H
π˙2
∂2π
a2
+
α2
H
(∂π)2∂2π
a4
]
,
(50)
with c2s ≡ (1 + α2)/(1 + α1). We use here the notation of [20]; the α’s are related to our a’s as
α1 = −a4/ǫ , α2 = −a5/2ǫ , α3 = −b4/2ǫ , α4 = b5/2ǫ . Naively, the last two operators in the
equation above give 3-point functions whose shape is different from the standard operators with three
derivatives. However, it is straightforward to check that the field redefinitions π → π + c1(∂π)2 and
π → π + c2π˙2 can be used to remove both these operators, while changing the coefficient of the 3-
derivative operators π˙3 and π˙(∂π)2. This shows that, in the decoupling limit, operators with one extra
derivative do not give rise to new shapes.3 The removal of the 4-derivative term does not mean the
theory is equivalent to one with only δN2 and δN3. This can be seen noting that the operator π˙(∂π)2,
after the field redefinition, has a coefficient α2 − α1 + 2α2(1 + α1)/(1 + α2), which is not related to cs
in the standard way as dictated by the non-linear realization of Lorentz invariance.
3The same argument can be run at any order in π to argue that there are no genuine new terms with one
extra derivative at any order in π.
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In Section 3.1 we showed that the operators δNδK and δN2δK can be removed by a unitary-gauge
field redefinition, provided their coefficients are small so that one can neglect quadratic corrections.
The corresponding statement in the decoupling limit should be that there is a field redefinition of
π which preserves the usual Lorentz transformation of π and gets rid of the 4-derivative terms at
linear order in their coefficient. Since the combination ψ ≡ t+ π transforms as a Lorentz scalar, also
(∂µψ)
2 + 1 = −2π˙ − π˙2 + (∂π)2 transforms as a scalar. This means that the field redefinitions
π˜ = π + c1(2π˙ + π˙
2 − (∂π)2) , π˜ = π + c2(2π˙ + π˙2 − (∂π)2)2 = π + 4c2π˙2 + . . . (51)
preserve the Lorentz transformations of π. Notice that there is now a linear piece in the first transfor-
mation: this means one has to restrict the transformation to linear order in c1 to avoid the proliferation
of higher derivatives and that the quadratic action, and in particular the speed of sound, will be modi-
fied. It is straightforward to check that using these field redefinition one can eliminate the 4-derivative
terms in eq. (50) at linear order in α2 and α4 and that the resulting theory has the usual relation
between the speed of sound and the coefficient of the operator π˙(∂π)2. This is the decoupling limit of
a unitary gauge action in which δNδK and δN2δK are removed.
In conclusion, the π field redefinitions in the decoupling limit is an extra freedom that one is
not able to trace in the unitary gauge theory. This should not be surprising after all: in the case
of a spontaneously broken non-abelian gauge theory, one has freedom to parametrize the coset of the
Goldstones in various way. This freedom has no obvious analogy in unitary gauge where the Goldstones
are eaten by the massive gauge fields.
5 Conclusions
In this paper we have explored the effect of generalized disformal transformations in the Effective Field
Theory of Inflation. These transformations do not change the predictions for the late-time observables
and can thus be used to simplify the action. They can be organized in an expansion in derivatives and
perturbations. These are the main results we obtained.
• If one considers (unitary gauge) operators with up to two derivatives and up to n-th order in per-
turbations (n ≥ 2), one has 8(n − 1) + 1 independent operators (taking into account integration
by parts). 2n of these can be set to zero by conformal and disformal transformations, which carry
powers of δN up to δNn−1.
• Using these transformations, it is easy to show that the predictions for the tensor power spectrum
and the correlator 〈γγγ〉 cannot be modified at leading order in derivatives [7]. Also all the couplings
contributing to S
(3)
γγζ beyond the Einstein-Hilbert action can be removed. Even so, 〈γγζ〉 will still be
affected by the possible changes in the scalar sector through the constraint equations, therefore we
cannot conclude that 〈γγζ〉 is fully fixed.
• Among the additional transformations that contain derivatives, some do not affect the Einstein-
Hilbert action but only the inflaton part. These can be used to reduce the number of higher-
derivative corrections. For instance, if one starts from a theory where the dominant terms in the
inflaton action are those with zero derivatives, one has six additional transformations (up to cubic
order in perturbations) that can be used to further simplify the action. One is left with only three
higher-derivative corrections up to 2-derivative order.
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• At 3-derivative order, there are no corrections to the tensor power spectrum and only one independent
operator contributing to S
(3)
γγγ after integration by parts.
• At 4-derivative order, there is only one independent operator that affects the tensor power spectrum.
This is due to the coupling with the inflaton and as such can give a large bispectrum 〈γγζ〉.
• In the decoupling limit, one can perform field redefinitions of the Goldstone π to simplify the action.
In general this kind of transformations does not preserve the way π transforms under Lorentz and
cannot be seen as the decoupling limit of the unitary gauge transformations discussed above.
It would be interesting to understand how to phenomenologically identify the few higher-derivative
corrections we are left with after the field redefinitions. Also the potentially large bispectrum 〈γγζ〉
due to four-derivative operators deserves further studies.
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A Transformation of the operators O(2)I and O(3)I
In this appendix we compute how the couplings aI and bI change under the transformations fi. The
transformation of the metric that we are considering is of the form
gµν → g˜µν = C(t,N)gµν +D(t,N)nµnν . (52)
This amounts to a rescaling of the three-metric and the normal one-form: more precisely, we have
h˜µν = C(t,N)hµν , n˜µ =
√
C(t,N)−D(t,N)nµ. Recalling that nµ = −Ndtµ, this amounts to a
rescaling of the lapse function N˜ =
√
C(t,N)−D(t,N)N . In order to see how the coefficients aI and
bI transform, we need to invert these transformations, that is
hµν =
h˜µν
C(t,N)
, (53a)
nµ =
√
C(t,N)−D(t,N) n˜µ . (53b)
We also need to do a time rescaling to bring the background value of g˜00 to one for the unperturbed
transformations f1 and f2. That is, we want N = 1 for N˜ = 1. To find the expression for the rescaling,
we use the following facts:
• Standard results of the ADM decomposition (see, e.g., [11]) tell us that
N = (dtµn
µ)−1 =
(dtµn˜
µ)−1√
C(t,N)−D(t,N) . (54)
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• The normal n˜µ does not change under a time rescaling.
From this, we see that a redefinition dtµ =
[
C(t(t˜ ))−D(t(t˜ ))]−1/2 dt˜µ, where a bar denotes a back-
ground quantity, does the job. We then arrive at
N =
√
C(t(t˜ ))−D(t(t˜ ))√
C(t(t˜ ), N(N˜ ))−D(t(t˜ ), N(N˜ ))
N˜ . (55)
This relation between N and N˜ can be expanded around 1 in perturbations, and can be used to solve
perturbatively for C and D in terms of δ˜N . With some abuse of notation, in the following we will use
C and D to mean the conformal and disformal factors solved in terms of δ˜N . The final two things we
need are how the volume element d4x
√−g and the Hubble factor transform. The transformation of
the volume element is straightforward to compute, since it is not affected by the time rescaling. The
relation between H and H˜ follows from the change in the scale factor due to C, and the time rescaling.
It is given by (we will also suppress the time arguments of C and D, in the following)
H =
√
C(t(t˜ ))−D(t(t˜ ))
[
H˜ − 1
2
d logC(t(t˜ ))
dt˜
]
. (56)
These results allow us to compute how a generic operator transforms under Eq. (53):
• Let us start from the transformation of δKµν . We have that
δKµν = Kµν −Hhµν = Kµν − H(H˜)
C
h˜µν , (57)
so we just need to see how Kµν transforms. Recall that
Kµν =
1
2
Lnhµν , (58)
so it is straightforward to plug in this formula the relation of hµν and n
µ to h˜µν and n˜
µ to arrive at
Kµν =
1
2
L√C−D n˜
(
C−1h˜µν
)
=
√
C −D
C
[
K˜µν +
(
Ln˜ logC−1/2
)
h˜µν
]
. (59)
Expanding K˜µν as δ˜Kµν + H˜h˜µν , and plugging it in Eq. (57), we arrive at the transformation of
δKµν . Notice that the terms ∝ Ln˜ logC will give rise to terms δ˜N
n × V˜ , which must be integrated
by parts to stay in Table 1 and Table 2.
• The transformation of (3)RδNn includes a straightforward conformal transformation. We point out
that terms D˜µD˜
µδ˜N will be generated, which must also be integrated by parts to yield A˜µA˜
µ.
• Finally, we list the transformation properties of V and Aµ = Dµ logN :
V =
√
C −D
[
V˜ + N˜ n˜µ∇˜µ
√
C −D√
C −D
]
, (60a)
Aµ = A˜µ − D˜µ log
√
C −D . (60b)
17
These relations can be used to derive the transformations of the coefficients aI and bI . We start
from the action eq. (7) where a0 and a1 have been set to zero by the use of f1 and f2, as discussed in
Section 2 [7]. For simplicity, we assume that the coefficients aI and bI are time independent and we
first consider the effect of f3 and f4 only on the operators that are not affected by f5 and f6. Moreover,
for convenience we define
A ≡ 1
1 + f32 − f42
. (61)
Here we assume that f3 and f4 are time independent but not necessarily small. In particular, the
transformations are non-linear in these two parameters. With these assumptions, the action S˜ will be
of the same form of eq. (7), with coefficients a˜I , b˜I for the actions L˜(2) and L˜(3) and a S˜0 given by
the standard Einstein-Hilbert plus the minimal inflaton action with coefficient M˜2Pl/2 = M
2
Pl/2. The
operator coefficients, obtained by writing eq. (7) in terms of the metric on the r.h.s. of eq. (4), read
a˜2 = A
[
a2 +
1
2
(
−f3 + f4
2
)]
, (62a)
a˜3 = A2
[
a3 − 2f3a2 − f3
(
1− f3
4
)]
, (62b)
a˜4 = A2
{[
a4 +
3
4
(f3 − f4) ((4f3 − f4) (3a6 − 1)− 3a8) + 3
4
(5f3 − 2f4) a5
]
+
H˙
H2
[
−1 + 3
4
(f3 − f4) (f3 (3a6 − 1)− a8) + 3
4
f3a5
]}
+
H˙
H2
, (62c)
a˜5 = A [a5 + (f3 − f4)(3a6 − 1)] , (62d)
a˜7 = A2
[
a7 +
3f23
4
(3a6 − 1)− 3f3
2
a8
]
, (62e)
a˜8 = A [a8 − f3(3a6 − 1)] , (62f)
b˜1 = A
[
b1 − 1
2
(
f3 +
f4
2
)]
, (62g)
b˜6 = A
[
b6 − 1
2
(
f3 +
f4
2
)
(2a6 − 1)
]
, (62h)
while a6 does not transform, i.e. a˜6 = a6. As explained in the main text, one can choose f3 and f4 to
set a˜2 and b˜1 to zero, i.e.,
a˜2 = 0 , b˜1 = 0 ⇐⇒ f3 = a2 + b1 , f4 = −2(a2 − b1) , (63)
which changes the other coefficients according to the transformations above. We can then explic-
itly compute the effect of f5 and f6 on the other operator coefficients, assuming that they are time
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independent and that f3 = f4 = 0. In this case we have
b˜2 = b2 − 1
2
(f5 − f6)a2 − 1
4
(2f5 − f6) , (64a)
b˜3 = b3 − 4f5a2 − 2(f5 − f6)a3 − 2f5 , (64b)
b˜4 = b4 − (f5 − f6)
(
a4 +
3
2
a8
)
+
3
2
(3f5 − f6)a5 + H˙
H2
[
(f5 − f6)
(
1− 1
2
a8
)
+ f5a5
]
, (64c)
b˜5 = b5 − 1
2
(f5 − f6)(a5 − 6a6 + 2) , (64d)
b˜7 = b7 − 2(f5 − f6)a7 − 3f5a8 , (64e)
b˜8 = b8 − 6f5a6 − (f5 − f6)a8 + 2f5 . (64f)
This shows that f5 can be used to set b2, b3, b5 or b8 to zero, while f6 can be used only to set to zero
b2 or b5.
B 〈γγζ〉 from (3)R2µν
In this section we compute the γγζ cubic action, and the corresponding bispectrum, associated to the
change of the tensor power spectrum discussed in Section 3.2.2. As explained in the main text, we
focus on (3)R
2
µν . After integration by parts, we find that the cubic action is equal to
S
(3)
4 ⊇
M2Pl
Λ2
∫
dη d3x
[
∂i∂jζ ∂
2γik γkj +
1
2
∂2ζ ∂iγkl ∂iγkl +
1
2
∂i∂jζ ∂iγkl ∂jγkl
+ ∂i∂jζ ∂i∂lγkj γkl − 1
4
ζ ∂2γij ∂
2γij +
1
2
∂kζ ∂kγij ∂
2γij
]
,
(65)
i.e. it is not slow-roll suppressed, as expected. Using the in-in formalism one can easily compute the
associated three-point function. It is equal to
〈ζk1γs2k2γ
s3
k3
〉′ = H
2
Λ2
1
ǫ
(
H
MPl
)4
[I(k1,k2,k3) + I(k1,k3,k2)]
× 1
(k1 k2 k3)3
1
K4
(∑
i
k3i + 4
∑
i 6=j
kik
2
j + 12 k1k2k3
)
,
(66)
where K = k1 + k2 + k3. The function I is, instead, given by
I(k1,k2,k3) =
{
k22 (k1 · ǫ2 · ǫ3 · k1) + k1 · k2 (k1 · ǫ2 · ǫ3 · k2)
+
1
2
(
k21 (k2 · k3) + (k1 · k2) (k1 · k3)−
1
2
k22 k
2
3 + k
2
3 (k1 · k2)
)
[ǫ2 · ǫ3]
}
,
(67)
where ǫi = ǫsiij(ki) and [ · ] denotes the trace.
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